Effect of infrared radiation on the critical current of a Josephson tunnel junction
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The behavior of a superconducting tunnel junction irradiated by electromagnetic waves at a
frequency higher than the reciprocal electron “tunneling time’ is investigated. It is shown that
the exponential enhancement of the external field inside the barrier should cause a large change of
the critical current of the junction. The critical current can either increase or nonmonotonically
decrease with increase of the irradiation power, depending on the direction of the alternating

electric field.

1.INTRODUCTION

Research into the influence of periodic perturbations on
the probabilities of various classically forbidden tunneling
processes has been attracting interest of late.'” It has been
shown that an alternating field & cos w? can cause a notica-
ble increase of a low probability of below-barrier passage.
This is due to absorption of external-field photons by the
tunneling particle, resulting in a decrease of the difference.
which enters in the argument of the tunnel exponential,
between the particle energy E and the barrier height V. In the
limit @r> 1, where 7~ [2m/(V — E)}'?a is the effective
“time” of motion of a particle of mass m under a barrier of
thickness a, the tunneling probability even in rather weak
field increases in proportion to exp[ (% /& )exp wr] is the
characteristic internal field). Effects of this type take place
in hopping conduction in semiconductors,’ in field emis-
sion,* in the decay of Josephson current states,” and in other
cases (see Ref. 2).

The present paper is devoted to an analysis of the influ-
ence of an alternating electromagnetic field on the critical
current of a superconducting tunnel junction. The field fre-
quency @ is assumed high compared with the reciprocal pas-
sage time 7~ ' and low compared with the height of the rec-
tangular barrier ¥, — p (@ is the chemical potential, ¥, — u
~0.1-1 eV), corresponding to the infrared region of the
spectrum. The calculation is based on a microscopic method
developed for the investigation of a superconductor-semi-
conductor-superconductor system,®’ with explicit account
taken of the finite dimensions of the tunnel barrier. A specif-
ic feature of this siutation is coherence of the superconduct-
ing electrons that pass through the barrier. Corresponding
to the usual (one-particle) tunneling in an alternating field is
a process in which the electron increases its energy on start-
ing its motion through the barrier by capture a certain num-
ber of external-field photons and emerges from below the
barrier having this new energy (the optimum number of ab-
sorbed quanta is of the order of (& / & Yexp wT, Ref. 2). In
the case of Josephson tunneling, however, the electron enter-
ing the opposite bank should again be in the condensate, i.e.,
have an energy equal to the initial one. This means that the
photons absorbed under the barrier, each of which increases
the passage probability amplitude by a factor exp w7, are
emitted by the electron in the final stage of below-barrier
motion. Thus, in this situation there are more acts of interac-
tion between the electron and the radiation, and the charac-
teristic parameter is here (%/% )%xp wr. Although this
quantity is small compared with the parameter
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(% /% )exp wr of the one-particle process, a strong change
of the critical current of the junction should be observed in
fields of amplitude & 2 ?exp( — w7/2) even in our case.

It turns out that, depending on the polarization, an ex-
ternal alternating field can influence differently the proper-
ties of the junction. When the electric field is directed along
the junction (from one electrode to the other), the critical
current decreases nonmonotonically. If, on the other hand,
the electric-field vector lies in the junction plane, supercon-
ductivity stimulation in the system is possible, i.e., an expo-
nential increase of the junction critical current with increase
of the irradiation power.

2.GENERAL EXPRESSION FOR THE SUPERCONDUCTING
TUNNEL CURRENT IN AN ALTERNATING FIELD

We investigate the properties of a Josephson junction in
an external alternating field by the Keldysh method,®® in
which the superconducting system is described by a matrix
of Green’s functions

6§ o)

satisfying the equation
.~ 0 -
[ it 5 + (1/2m) (0/9r—ieA (r, ) T.1)2*+p—V (2)

—eq(r,1) +1§I] G(r,x', 2,8 )=8(r—2") 6 (t—t') (1)

and an analogous equation in r’ and ¢’. Here 7, is a Pauli
matrix, A and ¢ are the field potentials, and
V(z) = V,0(a* — z*) is the potential of the rectangular bar-
rier (the homogeneous dielectric liner is located in the xy
planeintheinterval —a <z <a. Inturn, G®1 and Garealso
matrices made up of ordinary Green’s functions and
Gor’kov functions F:

F
o= ( & ). 2
—F, g, (2)
The order-parameter matrix is of the form

5=(—A'(zr, t)A(gt)) )

and is assumed to differ from zero only in the superconduct-
ing banks, while the current density is given by the equation

] d
) G(l" r',t, t) I'-’"' (4)

e
. ,t = m—— + z (____ —_
i) 4m Sp(1+.) ar’"  or
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It follows from (1) that the Green’s functions G* are con-
nected with the corresponding normal-state functions G, **
by the equations

GRA(r, ', 1, 1)

=G (r, v, tt)— I d&r dtGe*t (e,xy, 8, 8,) A (ry, )

X GR'A(r‘, l',, t, t,). (5)

We assume for simplicity that the superconducting elec-
trodes are made of the metal characterized by an order-pa-
rameter modulus A, and the temperature T is close to the
critical temperature of the banks. It is then possible to calcu-
late the superconducting current in only the first orderin A .
We assume the transverse dimensions of the junctions to be
small enough, so that the situation is homogeneous in the xy
plane and the current density has only a zcomponent, which
is convenient to calculate near the junction boundary (as
z—a). In view of the relative weakness of the alternating
field, we can neglect the time dependence of the order pa-
rameter and regard the superconducting banks as being in
equilibrium; the connection between the matrix G and the
functions G® is then

G t)= Sdt,[G“(t, t)f(t—t)—f(t—t)G*(t, )],  (6)

where f(t —t,) is the equilibrium “distribution function”
whose Fourier transform is tanh(e/27T). Taking into ac-
count all the foregoing, and also the relation

g:Zn (rg, 15, 81, 22) =g{,‘z'.. (x2, 14, b2y 8y) (7

we obtain from (4) for the superconducting-current density

e(d 7]
jo=Re —,;"‘(b‘-z‘ - _67‘) 5 darl d3r2 dti dtz dtaf (ta*t)

X ginn(r7 Iy, t7 tl) A (Zl)
X gan (rh re, iy, tz) A® (Zz)gmn (l'z, r',t,, ts) | 22"y (8)

and the time average of this expression is what of interests us.

To calculate the current from (8) it is convenient to
change to a Fourier representation of the Green’s function
with respect to the two times and to the transverse coordi-
nates p; and p,:

g(l'n r27 tiy tz)
_ [ d'pdeide.

(zn)‘ exp {i[82t2*81t1+P(Pi—pz) ]}g(p7 zh zZ» 811 82)

(9

(since the system is homogeneous in the junction plane, the
Green’s functions depend only on the difference p, — p,).

Taking into account the relation
—e,.. —&;). (10)

g:nR(P, 24, Za, €4, €3) =g|n”'(—p, Zy, Z;,

we rewrite (8) in the form

e (09 ] ) d*p de de’ de, de, e’
je=Re — | — — — dz, dz, —
j=Re— (az o7 ) @y T o W
x exp[i(e'—e)tlg(p, 2,21, ¢, 81) A(2) g° (=D, 2, 22, —€1, —€2)

XA (2:) g () 22,2, €2,8") | 1002, (11)
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where g=g7,, (we drop henceforth the indices 1, n, and R).
The function g(p,z,,2,,£,£,) satisfies the equations

[e1,0— Ho (21,218 (P, 24, 2, €1, &)

4 ’ d
§0E =g, 2 ¢ 0 S

S g (P: 21y 25, &4, 8') U (qu e’ — 82) ‘é—en

=276 (e, — &,) 8 (2, — 2,), (12)

where Hy(z) = (1/2m)( — d*/d2* + p*) — p + V(z) isthe
Hamiltonian of the perturbed problem and U is the pertur-
bation potential describing the electron interaction with the
external field [its explicit form in any particular situation
follows from Eq. (1)]. The solution of Egs. (12) can be
written as

&(p, 24, 22, &4, €2) =216 (e,—¢2) g (24, 25, €1)

+§ (a2, e) U, eime))

, , de’
X g(p, z', 2,8, &) E dz'=2n8 (81—8z)gp (24, 25, €2)

’ ’ vy ’ d !
+jg(pyzhz 1 €1, € )U(Z y € —BZ)gP(z s 22, 82) 2idz',
219

(13)

from which follows an expansion of the functions g in powers
of the external field. Here g, (z,,2,,€) functions correspond-
ing to the stationary state of the system and determined from
Eq. (12) with U = 0. They are of the form

— { W=, (zi)‘pz (z2), 2:<<z
& W—"pi (Zz) P2 (Z,), Z23>7 !

W= (9 $o—. 1) /2m, (14)

where ¢, , are linearly independent solutions of the Schré-
dinger equation (flo — €)9,, = 0. The functions ¢, and ¢,
should be taken to be the solutions of the problem of barrier
penetration by a particle incident from the left and right,
respectively; this ensures the required analytic properties of
the Green’s functions:

et Ae—k: z<—a
Pi= | Be*+Ce™, —a<z<a,
De'*z, z2>a

Be+Ce*, —a<iz<a,

e~ At z2>a
Y=
De—ilu’ Z< —a

D(k

—_i * —_ D ika—xa( ik)
=—i- 7—+ k)sh2xa, B—2 e 1+ )

C — geiha'l-xa( 1 — _ili )’
2 %

2e—2iku

D(e,p) =

2 ch 2xa+i (i - i) sh 2xa
k ®

k=k(e, p)=[2m(e+i0+p—p?*/2m]",
x=x (g, p)=[2m(V+p*/2m—p—e—i0) ]". (15)
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The functions defined by (14) satisfy the relation

9 9\ ,
(_aZ’— 57/ 85 e)8 (g e) |

=2mg, (2, 21, &) [0(2:—2) —0(z,—2) ]. (16)
With the aid of this expression and Eqgs. (13), in which the
action of the alternating perturbation is taken into account
only in the junction region — a <z <a. we obtain the rela-
tion

de 0 ] ) ’ , ,__e_
5.—2—7;(—55-7_?8—2- g(p, 2,2, 8, &)g(}), 22,2 4 8 8) ll,z -»nth oT

e e
=2mg(p, 22, 21, €2, l’d)[ th'z_}‘ 0(z,—a)—th ‘2—;,' 8(z,—a) ]1

(17)

which is a generalization, to include the nonstationary case
of the corresponding expressions of Refs. 6 and 7, and which
are needed for the calculation of the superconducting cur-
rent using Eq. (11).

In a monochromatic field of frequency ®, when
UGzw) =u(z)[6(w) + 6( — w)], the Green’s function is
given by

g(p7 2y 221 811 82) =2T[E gp(l) (Zly Zz, 81)6(83_81—‘l(0) . (18)
l

Substituting this expansion in (11) and using (17), we ob-
tain for the time-averaged current

N [ ; d’p de e
o= 2 d Wy —— th ——
js=4eA Bej zzjdzie j (2m)? 2 th 5

— oo a

xztg;l’ (2,20 8) g (21, 22—e), (19)

where y is the order-parameter phase difference between the
banks. For z, and z, lying in different superconducting elec-
trodes (z, < — a,z, >a) the coordinate dependence of the
Green’s functions follows from relations (13)-(15):

g(p1 2y, Z2, &4y 32)
=g(p, a, —a, &4, &;)exp [ik(e,, p) (z—a) =ik (es, p) (2,Fa)].
(20)

We can now integrate with respect to the coordinates and the
energy € in (19), which takes then the form

Js=j.siny,

h(lw/2T
Zt](ﬁ;m )g;fl’(a,~a.0)
l

x g5 (a,—a,0).

. eNuf( dp
e = (2m)?

(21

The Josephson-current density in an alternating field is
thus determined by Eq. (21), and to use this equation we
must calculate the values of gl‘,”(a, —a, 0). These param-
eters describe the probabilities of the processes whereby a
particle arriving at the barrier with zero energy (relative to
() tunnels under the influence of an alternating perturbation
and leaves with an energy /. In the absence of an external
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field, only the term with / = 0 remains in the sum, g{* coin-

cides with the function g, defined in accordance with (14)
and (15), and expression (21) goes over into the known
equation®'°
., eA'f dp
Je=Jeo = _4_T— W
where | D ?(g,p) | is the transparency of the barrier to an elec-
tron with total energy £ + u and a transverse momentum p.

|D*(0, p) |, (22)

3.CRITICAL CURRENT OF JOSEPHSON JUNCTION IN AN
INFRARED-RADIATION FIELD

Let us substitute in Eq. (13) the expansion (18) for
Green’s functions in a periodic field. We obtain then for the
amplitudes g$”, which determine the critical current of the
junction in accordance with (21), a perturbation-theory se-
ries in which the sth order term is a sum of all possible dia-

grams with s-field diagrams of the form

g 3 1 ; 71 1411
-a z, oz, §, ?Hd_ a
]

‘

(a similar diagram technique for discrete states is described
in Ref. 11). Here each horizontal line with index r corre-
sponds to a Green’s function g, (z;,z; . ,,7@) defined by ex-
pressions (14) and (15); each field vertex u(z,), depending
on the direction of the arrow, decreases or increases 7 by 1
(corresponding to emission or absorption of a field photon);
integration is carried out over the intermediate coordinates
Z;

i

N

(23)

We consider a junction of low transparency, xa> 1. The
below-barrier electron momentum » in the junction is as-
sumed here to be small compared with the Fermi momentum
kyz~k in the metal. On the other hand, if the semiclassical
condition @ € xv is met (v = %/m is the effective below-bar-
rier velocity) the distances ~uv/w, over which photon ab-
sorption takes place and which make the main contributions
to the integrals in expressions (23), exceed significantly the
tunneling length » ~ . In this case the Green’s functions ( 14)
and (5) have fora — |z,, |>x ' the form

82 (21, 23, r0) = (—1/v) exp (—n.|2,~2,]),

%=[2m(Vitp*/2m—p—re)]®, (24)

and g(p) differs from (24) by a factor 2ix/k when one of the
coordinates coincides with + a.

Each decrease or increase of 7 by 1 causes a correspond-
ing increase or decrease of the damping factor x, of the
Green’s function (24) by an amount w/v. On this basis it can
be verified that the main contribution to the sth order term is
made by diagrams of the type

(25)

in which the elctron first absorbs r, photons, and then emits
ro — [ photons (/ and s have obviously the same parity).
Since the absorption, from the standpoint of increasing the
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tunneling probablity, is most favored at the start of the be-
low-barrier motion, and the emission at the end, the interme-
diate variables z; in (25), with 1<i<r,, are close to —a,
while the z, with i > r, are close to a. The terms of order s that
differ from (25) are relatively small by virtue of the condi-
tion sexp( —wr)<1l, which is met for substantial
s(7=2a/v is the “time” of electron motion below the bar-
rier). As a result, taking into acount the smoothness of the
variation of the perturbation potential u(z) for —a<z<a,
we can obtain with the aid of (13), (24), and (25) an analyt-
ic expression for the amplitude of tunneling with a net ener-
gy change /w:

gl(It) (ay —a, O) =§&» (d, —a, O) eXP[mTle (l) ]

X [—u(—asgn(l))/v]™

X Z [u(a)u(—a)/v*]" exp (n@T) Bo,ns11Bons

n=0

g»(a, —a, 0) = (4x,m/k*)exp(—2x.a),

(26)
where
Byn= 5 J. jexp(—xoz,—mlxl—le— e = Umet| T =L |
00 0
+%nxn) dx; dxz e d_’znm( _v_.) _1_’
o/ nl
o <b Boomt. @7

(Theintegralsin (27) are calculated by making the substitu-
tions Y, =X, ), =X — X1eesVp =Xy —Xp_1.)

To continue the calculation of the superconducting cur-
rent we must specify the actual coordinate dependence of the
external-perturbation potential #(z). In a Josephson junc-
tion with massive electrodes the field of amplitude & is
usually perpendicular to the junction plane:

u(z)=e&z/2 (u(—a)=-u(a)). (28)

We obtain then from (26) and (27) for the Green’s func-

tions g¢”

gl!“) (a1 —a, O)

=g, (a, —a, 0)J,[(e€a/0)exp(wT/2)]exp(lot/2) (29)

(J; is a Bessel function). It follows from (29) that the prod-
ucts g{"g =" * in Eq. (21) for the current are of equal order
of magnitude. Therefore, in view of the high photon energy »
compared with the temperature 7, one can neglect the terms
with / 0 in the sum of Eq. (21). For the critical current
density of the tunnel junction we arrive ultimately at the

expression
je=jelo’ [(e&alo)exp(wT/2)], (30)
where

. e(Vo—p)®m*

—_ — s
co nTpa exp{—4[2m (V,—p) ]"a}

is the critical current density of the non-irradiated junction
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[see Eq. (22) ]. Thus, in an infrared field at a given polariza-
tion of the periodic field, the critical junction current exe-
cutes oscillations with diminishing amplitude.

Another situation arises when one of the superconduct-
ing electrodes is so thin that the radiation perpendicularly
incident on the junction plane reaches the barrier region. An
expression for u(z) can then be easily obtained by describing
the action of the wave by the vector potential 4 ~0 ™ '&:

u(z)=(e&l0)*2m (u(—a)=u(a)). (31

In this case the perturbation is quadratic in the external
field, and in all the foregoing equations w must be taken to
mean double the radiation frequency @’ (since the electrons
passing under the barrier have mainly low transverse mo-
menta, the linear term in the Hamiltonian, which is propor-
tional to prA, is significant only in the region of very weak
fields, when the increment to the critical current is relatively
small). In analogy with the preceding case, we get for the
critical current in the junction

je=jall [(E/&:)exp 0], &i=(20")*m"e,  (32)

where I is a Bessel function of imaginary argument.

4.DISCUSSION OF RESULTS

A Josephson tunnel junction should thus respond
strongly to radiation of frequency  higher than the recipro-
cal time 7~ ! of electron motion under the barrier. The alter-
nating-field amplitude is multiplied in Egs. (30) and (32)
for the critical junction current density by the large factor
exp(w7/2). Such an effective amplification of an external
action is similar in nature to other cases of tunneling in an
alternating field—the below-barrier tunneling probability is
increased by photon capture. The tunneling of Cooper pairs
under the influence of radiation includes more interactions
with the field than single-particle processes, for after the end
of passage through the barrier the superconducting elec-
trons should have the same energy as at the beginning. The
optimal number of photons absorbed by the electron and
then returned to the field can be estimated, for a sufficiently
high irradiation power, from the condition that the product
of the square of the small probability amplitude for absorp-
tion (emission) of n photons (u/w)" /n! be a maximum and
that the gain of the tunneling probability amplitude
exp(nwt) be large. This number of photons is

no ~ — exp(01/2). (33)
®

Accordingly, the influence of the external field turns
out in our case to be weaker than for single-particle tunnel-
ing.

The character of the action of radiation on the critical
current of the junction depends substantially on the direc-
tion of the electric-field vector. When the field is directed
along the “motion path” of the particle below the barrier, the
contributions to the superconducting current from acts of
passage with participation of various numbers of photons
weaken each other (the series (26) for the passage ampli-
tude turns out to be of alternating sign). As a result, when
the irradiation power is increased the critical current of the
junction does not have a monotonic behavior, and its enve-
lope has a power-law decrease [ Eq. (30) ]. Note that a seem-
ingly similar relation holds also in the case of low frequencies
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oT= <£1,viz.,j, =j,|Jo(4e€a/w| (Ref. 10),but the scale
of variation of j, in our case is substantially smaller.

If the electric field is in the plane of the junction (this is
possible when the wave is incident on a film electrode thin-
ner than the depth of penetration of the radiation), the criti-
cal current can increase when the irradiation power is in-
creased [Eq. (32)]; at high power the dependence is
exponential:

je®jeo exp [2(&[& ) %exp 01].

To be sure, in a strong alternating field the superconductivi-
ty in the electrodes is queched'?; for this quenching to set in
already after a noticeable increase of the Josephson current,
it is necessary to satisfy the condition
2
(0]

lne
— — %anTexp(—oT1) K1,

T a (34)

where /,, is the inelastic mean free path of the electrons in
the superconducting. The critical-current stimulation effect
considered here can therefore be more readily observed in
sufficiently thick junctions with low barriers (such as a
sandwich with a semiconducting liner) and at a high elec-
trode superconducting-transition temperature.

For an estimate of the accuracy of the results, we point
out that, in the calculation of the coefficients B, in the
expression for the tunneling amplitude g\ [see Egs. (26)
and (27) ], increments of order nw/xv < 1 were neglected in
each of the integrations. Since the characteristic number of
absorbed photons is of the order n, [Eq. (30) ], expression
(30) is valid for (e€a/w)exp(wr/2) < (xv/w)'?, while
Eq. (32) for (xv/w)"* < (&/&,)exp(w7/2) < (ev/w)'/?
is only exponentially accurate (the right-hand inequality
corresponds to the fact that the change of electron energy by
tunneling remains small compared with the barrier height).
We point out also that at high irradiation power the quantity
7in Egs. (30) and (32) should strictly speaking denote the
time corresponding to the energy £ ~n,w. Finally, we note
that in our case it is difficult to use the semiclassical methods
that are traditional for similar problems and are based on
solution of the Hamilton-Jacobi equation, since the latter
cannot as a rule be linearized in the greater part of the con-
sidered power interval.

Since the quasiparticle current in a tunnel junction var-
ies much more rapidly than the superconducting current
with increase of the alternating field amplitude (the tunnel
resistance decreases like
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Ry(&)=Ry(0)exp[— (e&a/o)exp o1]

if the electric field is directed from one elctrode to the other,
while if the field is parallel to the junction plane we have

Rx(&)~Ry(0)exp[— (&/&)* exp 201]),

it follows that one should expect the radiation to alter the
form of the current-voltage characteristic strongly (more
than in the case of low frequencies). Such a tendency, to-
gether with too abrupt a decrease of the critical current, was
observed in numerous experiments carried out at high IR
frequencies.'>!* It is not clear, however, whether the point
junctions investigated in these references were tunnel struc-
tures and whether the frequency employed met the condi-
tions indicated above. At the same time, the effect predicted
here can be of interest for a more detailed experimental in-
vestigation aimed at using it for IR radiation detection.

The author is deeply grateful to A. A. Abrikosov, B. I.
Ivlev, and A. I. Larkin for a valuable discussion of the re-
sults.
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